Cl are considered. Laboratory data was used to refine ab initio potential energy curves in order to compute accurate ro-vibrational energy levels. Einstein A coefficients are generated using newly determined ab initio dipole moment curves calculated using the CCSD(T) method. New Dunham Y ij constants for KCl are generated by a reanalysis of a published Fourier transform infrared emission spectra. Partition functions plus full line lists of ro-vibration transitions are made available in an electronic form as supplementary data to this article and at www.exomol.com.
INTRODUCTION
NaCl and KCl are important astrophysical species as they are simple, stable molecules containing atoms of relatively high cosmic abundance. Na, K and Cl are the 15th, 20th and 19th most abundant elements in the interstellar medium (Caris et al. 2004) . In fact NaCl could be as abundant as the widely-observed SiO molecule (Cernicharo & Guelin 1987) . Cernicharo & Guelin (1987) reported the first detection of metal halides, NaCl, KCl, AlCl and, more tentatively, AlF, in the circumstellar envelope of carbon star IRC+10216. These observations have been followed up recently by Agundez et al. (2012) , who also observed CS, SiO, SiS and NaCN. NaCl has also been detected in the circumstellar envelopes of oxygen stars IK Tauri and VY Caris Majoris (Milam et al. 2007) . Another environment in which these molecules have been found is the tenuous atmosphere of Jupiter's moon Io. Submillimetre lines of NaCl, and more tentatively KCl, were detected by Lellouch et al. (2003) and Moullet et al. (2013) respectively. NaCl has also been identified in the cryovolcanic plumes of Saturn's moon Enceladus alongside its constituents Na and Cl (Postberg et al. 2011) . K was also detected but the presence of KCl could not be confirmed. Furthermore NaCl and KCl are expected to be present in Super Earth atmospheres (Schaefer et al. 2012 ) and may form in the observable atmosphere of the known object GJ1214b (Kreidberg et al. 2014) .
The alkali chlorides are also of industrial importance as they are products of coal and straw combustion. Their presence in coal increases the rate of corrosion in coal fired power plants (Yang et al. 2014) . Therefore it is important to monitor their concentrations, which can be done spectroscopically provided the appropriate data is available.
The importance of NaCl and KCl spectra have motivated a number of laboratory studies, for example Rice & Klemperer (1957) ; Honig et al. (1954) ; Horiai et al. (1988) ; Uehara et al. (1989) ; Clouser & Gordy (1964) ; Uehara et al. (1990) . The most recent and extensive research on KCl and NaCl spectra has been performed by Ram et al. (1997) It appears the only theoretical transition line lists for these molecules are catalogued in the Cologne Database for Molecular Spectroscopy (CDMS), see Müller et al. (2005) . They were constructed using data reported in Caris et al. (2002) ; Clouser & Gordy (1964) ; Uehara et al. (1989) ; Leeuw et al. (1970) for NaCl, and Caris et al. (2004) ; Clouser & Gordy (1964) ; Wachem & Dymanus (1967) for KCl. The lists are limited to v = 4, J = 159 and do not include a list for 41 K 37 Cl. In this paper we aim to compute more comprehensive line lists for the previously studied isotopologues and the first theoretical line list for 41 K 37 Cl.
The ExoMol project aims to provide line lists on all the molecular transitions of importance in the atmospheres of planets. The aims, scope and methodology of the project have been summarised by . Lines lists for X 2 Σ + XH molecules, X = Be, Mg, Ca, and X 1 Σ + SiO have already been published (Yadin et al. (2012) ; Barton et al. (2013) respectively). In this paper, we present ro-vibrational transition lists and associated spectra for two NaCl and four KCl isotopologues.
METHOD
The nuclear motion Schrödinger equation allowing for Born-Oppenheimer Breakdown (BOB) affects, is solved for species XCl using program LEVEL (Le Roy 2007) . To initiate these calculations, program DPOTFIT (Le Roy 2006) was used to generate a refined potential energy curve (PEC) for each molecule by fitting ab initio curves to laboratory data.
Spectroscopic Data
The most comprehensive and accurate sets of available laboratory measurements are the infrared ro-vibrational emission lines of Ram et al. (1997) and the microwave rotational lines of Caris et al. (2002) and Caris et al. (2004) all of which were recorded at temperatures in the region of 1000 C, see Table 1 . For KCl Fourier transform infrared emission spectra measured by Ram et al. (1997) has been re-analysed and re-assigned as part of this work, see Section 2.2. The Dunham constants (Yij) obtained from this new fit are provided in Table 2 . Ro-vibrational emission lines derived from this were used in place of those presented by Ram et al. (1997) because of problems found in the previous analysis. et al. (1997) reported spectroscopic constants derived from an infrared emission spectrum of KCl recorded with a high resolution Fourier transform spectrometer (FTS). By using the new constants derived from the millimetre wave spectrum by Caris et al. (2004) to simulate the infrared spectrum of 39 K 35 Cl with PGOPHER (Western 2013) , it was clear that Ram et al. (1997) had mis-assigned much of the complex spectrum. The Ram et al. (1997) spectrum was therefore re-analyzed. As a first step, the millimetre wave line list from Caris et al. (2004) was refitted with the addition of two Dunham parameters, Y23 and Y41. These parameters were found to improve the quality of the fit. The Caris et al. (2004) constants plus Y23 and Y41 were then used to calculate band constants used as input for PGOPHER. Using PGOPHER the infrared line positions were selected manually and then refitted along with the Caris data using our LSQ fit program. There were 253 R branch lines of 39 K 35 Cl fit from the 6-5, 5-4, 4-3, 3-2, 2-1, and 1-0 bands, and the Y10, Y20 and Y30 vibrational constants were added.
Reanalysis of the KCl infrared spectrum

Ram
The quality of the observed spectrum was insufficient to fit additional bands or P branch lines. The final constants from our global fit are compared to the values reported by Caris et al. (2004) in Table 2 . The Y10 and Y20 (ωe and −ωexe) constants of Caris et al. (2004) were derived entirely from millimetre wave data using Dunham relationships and are in good agreement with the values we have determined directly from infrared observations.
Dipole Moments
Experimental measurements of the permanent dipole as a function of vibrational state have been performed by Leeuw et al. (1970) ; Wachem & Dymanus (1967) ; Hebert et al. (1968) who considered NaCl, KCl and both molecules respectively. Additionally Pluta (2001) calculated dipole moments at equilibrium bond length as part of theoretical study comparing various levels of theory (SCF, MP2, CCSD and CCSD(T)). Giese & York (2004) computed NaCl dipole moment curves (DMCs) using a multi-reference configuration interaction (MRCI) approach and extrapolated basis sets. However there appears to be no published KCl dipole moment curves (DMCs), experimental or ab initio. We determined new DMCs for both molecules using high-level ab initio calculations, shown in Fig. 1 . These were performed using MOLPRO (Werner et al. 2010) . The final NaCl DMC was computed using an aug-cc-pCVQZ-DK basis set and the CCSD(T) method, where the both core-valence and relativistic effects were also taken into account. Inclusion of both effects is known to be important (Tennyson 2014) . In case of KCl, an effective core potential ECP10MDF (MCDHF+Breit) in conjunction with the corresponding basis set (Lim et al. 2005 ) was used for K and aug-cc-pV(Q+d)Z was used for Cl. In Table 1 . Summary of laboratory data used to refine the KCl and NaCl potential energy curves. Temperatures are those given in the cited papers. Uncertainties are the maximum quoted uncertainty given in the cited papers.
Reference
Transitions Frequency range Uncertainty (cm −1 ) (cm −1 ) Caris et al. (2002) ∆v = 0, ∆J = ±1 6.6 -31 6.7 × 10 −6 Na 35 Cl, v = 0 − 5, J 72 Na 37 Cl, v = 0 − 4, J 76
This work ∆v = 1, ∆J = +1 240 -390 0.005 both cases the electric dipole moment were obtained using the finite field method. The ab initio DMC grid points were used directly in LEVEL. Eq0uilibrium bond length dipole moments are compared in Table 3 . Our computed equilibrium dipole for KCl is about 1 % larger than the experimental value. For NaCl this difference is closer to 2 % but our final, CCSD(T) value is close to those calculated by Giese & York (2004) .
Fitting the Potentials
The ab initio PECs were refined by fitting to the spectroscopic data identified in Table 1 . However, extending the temperature range of the spectra requires consideration of highly excited levels and extrapolation of the PECs beyond the region determined by experimental input values, hence care needs to be taken to ensure the curves maintain physical shapes outside the experimentally refined regions. In this context we define a physical shape to be the shape of the ab initio curve. We tested multiple potential energy forms, namely the extended Morse oscillator (EMO), Morse long range (MLR) and Morse Lenard Jones (MLJ) potentials Le Roy (2011) , to achieve an optimum fit to the experimental data whilst maintaining a physical curve shape. Data for multiple isotopologues were fitted simultaneously to ensure the resulting curves are valid for all isotopologues. re and De were held constant in the fits, as the fits were found to be unstable otherwise. For NaCl, BOB terms did not improve the quality of the fit and were not pursued. Of the 1370 lines used in the fit, 1060 were Na 35 Cl and 310 were Na 37 Cl. The final potential was expressed as an EMO:
where
and p was set to 3, N to 4, De to 34120.0 cm −1 (Huber & Herzberg 1979) , and re to 2.360796042 Å (Ram et al. 1997 ).
Parameters resulting from the fit are given in 
uLR(r) = Cm r m + Cn r n (7) and p was set to 2, N to 3, m to 2, n to 3, C2 to 10000, C3 to 13000000, De to 34843.15 cm −1 (Brewer & Brackett 1961 ) and re to 2.6667253989 Å (Caris et al. 2004 ).
The non-adiabatic BOB correction function is defined as:
and M is the mass of the particular isotopologue, M ref is the mass of the parent isotopologue, p was set to 2 and N to 1. Parameters resulting from this fit are given in Table 5 . The input experimental data was reproduced within 0.01 cm −1 and often much better than this. The final curves, shown in Fig 2, follow the ab initio shape with the exception of regions 6Å -17Å for KCl and 4.5Å -8Å for NaCl. These regions are associated with the textbook avoided crossings between Columbic X + -Cl − and neutal X -Cl PECs which occurs in the adiabatic representation of the ground electronic state, see Giese & York (2004) for a detailed discussion. Without experimental data near dissociation it is difficult to represent this accurately with DPOTFIT. Consequently we decided to limit our line lists to vibrational states lying below 20,000 cm −1 which do not sample these regions. This has consequences for the temperature range considered. Based on our partition sum, see Section 2.5, this range is 0 -3000 K.
Comparisons with observed frequencies for Na 35 Cl and 39 K 35 Cl are given in Table 6 and 7. These demonstrate the accuracy of fits. An important aim in refining a PEC is to also predict spectroscopic data outside the experimental range. This can be tested for KCl for which there are R band head measurements up to v = 12 (Ram et al. 1997 ). The positions of Figure 2 . Comparison of ab initio and fitted ground electronic state potential energy curves for NaCl (left) and KCl (right). these band heads, which are key features in any weak or low-resolution spectrum, are predicted to high accuracy, see Table 8 .
Partition Functions
The calculated energy levels, see Section 3, were summed in Excel to generate partition function values for a range of temperatures. We determined that our partition function is at least 95% converged at 3000 K and much better than this at lower temperatures. Therefore temperatures up to 3000 K were considered. Values for the parent isotopologues are compared to previous studies, namely Irwin (1981) , Sauval & Tatum (1984) and CDMS, in Table 9 . For ease of use, we fitted our partition functions, Q, to a series expansion of the form used by Vidler & Tennyson (2000) :
with the values given in Table 10 .
Line-List Calculations
While sodium has only a single stable isotope, 23 Na, both potassium and chlorine each have two: 39 K (whose natural terrestrial abundance is about 93.25%) and 41 K (6.73%), and 35 Cl (75.76%) and 37 Cl (24.24%). Line lists were therefore calculated for two NaCl and four KCl isotopologues. Ro-vibrational states up to v = 100, J = 563 and v = 120, J = 500 respectively, and all transitions between these states satisfying the dipole selection rule ∆J = ±1, were considered. A summary of each line list is given in 
RESULTS
The full line list computed for all isotopologue considered is summarised in Table 11 . Each line list contains around 4 -7 million transitions and are therefore, for compactness and ease of use, divided into separate energy files and transition files. This is done using the standard ExoMol format which is based on a method originally developed for the BT2 line list (Barber et al. 2006) . Extracts from the start of the Na 35 Cl and 39 K 35 Cl files are given in Table 12, Table 14 , Table 13 and Table 15 . They can be downloaded from the CDS via XXX. The line lists and partition functions can also be obtained from www.exomol.com. Figure 3 illustrates the synthetic absorption spectra of Na 35 Cl and 39 K 35 Cl at 300 K. As the dipole moment curves are essentially straight lines, the overtone bands for these molecules are very weak meaning that key spectral features are confined to long wavelengths associated with the pure rotational spectrum and the vibrational fundamental. The CDMS database contains 607 and 772 rotational lines for Na 35 Cl and 39 K 35 Cl respectively. Comparisons with the CDMS lines are presented in Figure 4 . As can be seen the agreement is excellent for both frequency and intensity. In particular, predicted line intensities agree within 2% and 4% for the KCl and NaCl isotopomers considered in CDMS respectively. Emission cross-sections for Na 35 Cl and 39 K 35 Cl were simulated using Gaussian line-shape profiles with half-width = 0.01 cm −1 as described by Hill et al. (2013) . The resulting synthetic emission spectra are compared to the experimental ones in
Figs. 5 and 6. When making comparisons one has to be aware of a number of experimental issues. The baseline in NaCl shows residual "channeling": a sine-like baseline that often appears in FTS spectra due to interference from reflections from parallel optical surfaces in the beam. For KCl the spectrum is very weak and the baseline, which has a large offset, was not properly adjusted to zero. Given these considerations, the comparisons must be regarded as satisfactory.
CONCLUSIONS
We present accurate but comprehensive line lists for the stable isotopologues of NaCl and KCl. Laboratory frequencies are reproduced to much more than sub-wavenumber accuracy. This accuracy should extend to all predicted transition frequencies up to at least v = 8 and v = 12 for NaCl and KCl respectively. New ab initio dipole moments and Einstein A coefficients are computed. Comparisons with the semi-empirical CDMS database suggest the intensities the pure rotational are accurate. Li et al. (2013a) and Li et al. (2013b) .
